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ABSTRACT
The carbonaceous chondrite meteorites contain a record of the formation of the solar system, part of
which is present within organic matter. This organic matter is predominantly aromatic, and its sources
remain controversial. The d13C values for individual free and macromolecular aromatic moieties from
Cold Bokkeveld and Murchison suggest that these units originate from radiation-induced ““ circle ÏÏ reac-
tions involving simultaneous bond synthesis and cracking. Large carbon isotope fractionations and a
deuterium enrichment for these entities suggest that these reactions occurred in a dense interstellar cloud.
The juxtaposition of the synthesis and cracking products implies that the reactions occurred in a
restricting medium, the most likely candidate for which is the icy organic mantles of interstellar grains.
In contrast, the d13C record in aromatic moieties from Orgueil is mostly obscured, possibly due to the
increased levels of parent body aqueous alteration experienced by this meteorite. These novel obser-
vations are consistent with the interstellarÈparent body hypothesis, where the Ðnal form of meteoritic
organic matter results from the transÐguration of interstellar organic precursors by aqueous reactions on
the meteorite parent body.
Subject headings : ISM: molecules È meteors, meteoroids È methods : laboratory
1. INTRODUCTION
The carbonaceous chondrites are a unique class of mete-
orite that may originate from the C-type asteroids in the
outer asteroid belt. These asteroids are ancient and,
together with the meteorites derived from them, constitute a
record of the birth of the solar system following the collapse
of its dense interstellar cloud precursor.
Carbonaceous chondrites can contain up to 5% of
carbon by weight, the majority of which is present as
organic matter. Using the Murchison meteorite as an
example, over 90% of the organic matter in carbonaceous
chondrites is present as high molecular weight macro-
molecular material, with the remainder made up of low
molecular weight free compounds (Mullie & Reisse 1987).
Aromatic hydrocarbons account for over 5% of the free
organic matter (Mullie & Reisse 1987) and are genetically
related to the dominantly aromatic macromolecular
material (Sephton, Pillinger, & Gilmour 1998). It follows,
therefore, that aromatic moieties are quantitatively the
most important organic constituents in carbonaceous chon-
drites.
The dominance of aromatic moieties in carbonaceous
chondrites indicates that they are key to understanding the
origin of meteoritic organic matter as a whole. The sources
of aromatic organic matter in meteorites remain controver-
sial, and circumstellar space (Allamandola, Sandford, &
Wopenka 1987), the solar nebula (Basile, Middleditch, &
1984 ; Morgan et al. 1991), and the asteroidal meteoriteOro
parent body (Anders 1991) have all been suggested as
environments where aromatic organic matter may have
been formed.
The most fruitful studies aimed at determining the prov-
enance of extraterrestrial organic molecules have been those
that have combined molecular and isotopic information
(Yuen et al. 1984 ; Kerridge, Chang, & Shipp 1987 ; Engel,
Macko, & Silfer 1990 ; Gilmour & Pillinger 1994 ; Pizzarello
et al. 1991 ; Cooper et al. 1997 ; Engel & Macko 1997 ;
Sephton et al. 1998 ; Sephton, Pillinger, & Gilmour 2000a,
2000b ; Sephton & Gilmour 2000). Using this approach, we
have been measuring the carbon isotopic composition of
individual free and macromolecular aromatic moieties from
carbonaceous chondrites (Gilmour & Pillinger 1994 ;
Sephton et al. 1998, 2000a ; Sephton & Gilmour 2000). Here
we have compiled and assessed all of our published and
previously unpublished data and may have uncovered evi-
dence for a speciÐc interstellar environment and process for
the formation of a signiÐcant portion of meteoritic aromatic
organic matter.
2. EXPERIMENTAL
2.1. Extraction
Volatile aromatic hydrocarbons to were(C7 C12)extracted using supercritical Ñuid extraction (SFE) with
pure (90 minute static extraction at 4000 psi, followedCO2by a 45 minute 1 ml minute~1 dynamic extraction at 4000
psi) and were collected in diethyl ether cooled to approx-
imately 0¡ C (Sephton et al. 1998, 2000a ; Sephton, Pillinger,
& Gilmour 1999).
Less volatile aromatic hydrocarbons to were(C14 C22)extracted using solvent extraction (2 cycles of ultra-
sonication with dichloromethane/methanol 85 :15 for 20
minutes). The extract was concentrated using rotary evapo-
ration and the aromatic compounds isolated by column
chromatography (0.5 ] 10 cm2, 0.5 g silica gel column pre-
eluted with 10 ml hexane ; the aromatic fraction was eluted
with 10 ml toluene).
Aromatic moieties were released from the macro-
molecular material by thermal dissociation, using both o†-
line hydrous (Sephton et al. 1998, 1999, 2000a) and on-line
anhydrous pyrolysis (Sephton & Gilmour 2000). For o†-
line hydrous pyrolysis, samples were placed in a 1 ml stain-
less steel insert, and 0.4 ml of high-purity water was added.
The insert was then purged with nitrogen gas, sealed, and
placed into a 71 ml stainless steel high-pressure reactor
(series 4740, Parr Instrument Co.), which was Ðlled with 20
ml water to minimize pressure di†erentials. The whole
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arrangement was heated to 320¡ C in a muffle furnace for 72
hr. The released moieties were extracted using SFE as
above. For on-line anhydrous pyrolysis, samples were intro-
duced as dry pellets (typically 1 mg) into an on-line micro-
furnace (pyrojector, S.G.E. Ltd.) and pyrolyzed at 500¡ C
(Sephton & Gilmour 2000). The pyrojector was directly
coupled to the split-splitless injector of the analytical
equipment described below.
2.2. Compound Detection, IdentiÐcation, and Carbon Isotope
Ratio Measurement
Compound detection and identiÐcation was performed
by gas chromatographyÈmass spectrometry (GC-MS) using
a Hewlett Packard 5890 gas chromatograph Ðtted with an
HP5 capillary column (50 m] 0.32 mm] 0.17 mm) and
interfaced with a 5971 mass selective detector. Temperature
programs were as follows : SFE extractsÈ25¡ C (10
minutes), 25¡ CÈ220¡ C (5¡ C minute~1), 220¡ CÈ300¡ C
(10¡ C minute~1), and 300¡ C (12 minutes) ; solvent
extractsÈ50¡ C (1 minute), 50¡ CÈ100¡ C (10¡ C minute~1),
100¡ CÈ300¡ C (5¡ C minute~1), and 300¡ C (14 minutes) ;
and on-line pyrolysisÈ40¡ C (2 minutes), 40¡ CÈ300¡ C (5¡ C
minute~1), and at 300¡ C (6 minutes).
Carbon isotopic measurements for individual com-
pounds in the various extracts were accomplished by gas
chromatographyÈisotope ratio mass spectrometry (GC-
IRMS). Analyses were performed on a Finnigan MAT
Delta S/GC with splitless injection onto an HP5 capillary
column (50 m] 0.2 mm] 0.5 mm). The temperature pro-
grams were identical to those used for GC-MS. All obtained
carbon isotope ratios are expressed in the d notation rela-
tive to the international Pee Dee Belemnite (PDB) standard
as follows :
d13C& \ (13C/12C)sample[ (13C/12C)PDB
(13C/12C)PDB
] 103 .
3. RESULTS AND DISCUSSION
Figure 1 displays the d13C values for the free and macro-
molecular aromatic moieties from Orgueil, Cold Bokkeveld,
and Murchison plotted against their carbon number. For
Cold Bokkeveld and Murchison, the data points appear to
follow a trend, manifested as an arch, where lower molecu-
lar weight compounds to for Cold Bokkeveld ; to(C7 C8 C6for Murchison) have d13C values that increase withC11additional carbon atoms, while higher molecular weight
compounds to for Cold Bokkeveld ; to for(C8 C14 C11 C20Murchison) have d13C values that decrease with increasing
carbon number. The higher molecular weight feature is con-
sistent with that seen for to aliphatic hydrocarbons,C1 C5carboxylic acids, amino acids, and sulphonic acids in Mur-
chison (Yuen et al. 1984 ; Engel et al. 1990 ; Pizzarello et al.
1991 ; Cooper et al. 1997), which has been interpreted as the
result of a kinetic isotope e†ect during the stepwise forma-
tion of higher molecular weight compounds from simpler
precursors (Yuen et al. 1984). The more reactive 12C is pref-
erentially added during the synthesis of the carbon skeleton
of these compounds. If the lower molecular weight trend is
also the result of a kinetic isotope e†ect, then it suggests that
bond breaking or ““ cracking ÏÏ has produced these com-
pounds. During cracking of the starting material, the more
reactive 12C bonds are preferentially broken, leading to
lower molecular weight products depleted in 13C. There-
fore, the aromatic entities seem to have been produced by a
FIG. 1.ÈCarbon isotopic compositions of individual aromatic hydro-
carbon moieties in the Orgueil, Cold Bokkeveld, and Murchison meteor-
ites plotted against their carbon number. Assignments are as follows :
benzene released by freeze-thaw disaggregation (open circle), free com-
pounds extracted by supercritical Ñuid extraction (open square), solvent-
extracted free compounds (open triangle), compounds liberated from the
macromolecular materials by o†-line hydrous pyrolysis (closed square),
and compounds liberated from the macromolecular materials by on-line
anhydrous pyrolysis (closed circle). Where available, standard deviations
(^1 p) are indicated. For the Murchison free values, is from Yuen et al.C6(1984) and to are from Gilmour & Pillinger (1994). The remainingC14 C20Murchison values are from Sephton et al. (1998) and Sephton & Gilmour
(2000). The Orgueil and Cold Bokkeveld free values were obtained using
identical methods to those described in Gilmour & Pillinger (1994) and
Sephton et al. (1998). The macromolecular values for Orgueil and Cold
Bokkeveld are from Sephton et al. (2000a).
process in which both bond formation and destruction were
signiÐcant.
Information about the environment in which this process
operated may also be forthcoming from the isotopic data.
The d13C values cover a range of more than for aro-20&
matic compounds that di†er in size by as few as two carbon
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atoms. During laboratory experiments, where starting
materials and products were in the range to synthe-C1 C6,sis and cracking reactions have produced fractionations of
more than (Chang et al. 1983). However, the isotopic20&
di†erences between individual products became smaller as
their carbon number increased. Therefore, the more than
range in d13C for the relatively large to mete-20& C6 C20oritic aromatic compounds suggests that during their for-
mation fractionation was at its most extreme.
Kinetic isotope e†ects are greatest at low temperatures,
and of the possible environments for the origin of meteoritic
organic matter the lowest temperatures are found in inter-
stellar space. At temperatures as low as 10 K, the molecular
products of organic reactions would display large isotopic
fractionations, and the fractionation of carbon isotopes
does appear to occur in the interstellar medium (Langer et
al. 1984 ; Taylor & Dickman 1989). Hence, the large range
in d13C for the to compounds is consistent with theC6 C20production of these organic entities in an interstellar
environment.
Further evidence for the interstellar provenance of the
aromatic moieties in meteorites is provided by their hydro-
gen isotopic compositions. For Murchison the dD values of
bulk free aromatic fractions have been measured at ]244&
to (Krishnamurthy et al. 1992), while the labile468&
portion of the macromolecular material that releases aro-
matic compounds upon pyrolysis (Sephton et al. 1998) has
dD values as high as (Kerridge et al. 1987). These1800&
values imply the presence of interstellar molecules in these
fractions. Deuterium enrichments have been observed in
interstellar clouds (e.g., Je†erts, Penzias, & Wilson 1973 ;
Hollis et al. 1976) and are generally attributed to large D/H
fractionations during reactions at the very low tem-
peratures of interstellar space (e.g., Sandford 1996).
Although, it should be noted that unimolecular photo-
dissociation reactions may produce Deuterium enrichments
in aromatic hydrocarbons without the need for low tem-
peratures (Allamandola et al. 1987).
With an interstellar origin strongly suggested for the aro-
matic entities, which are found free in the meteorite and can
be released from the macromolecular material by pyrolysis,
a remaining issue to address is whether the combined
molecular and isotopic features for these compounds can
constrain the type of reaction that created them. Radiation-
induced chemistry plays a major role in creating and
modifying organic matter in space. During radiation-
induced reactions, organic matter is simultaneously formed
and destroyed to achieve an intermediate level of organic
complexity (Kissel, Krueger, & Roessler 1996). The term
““ circle reaction ÏÏ has been proposed for this process, and
such reactions may have produced and/or modiÐed aro-
matic hydrocarbons, resulting in the coexisting synthesis
and cracking features evident in meteoritic aromatic com-
pounds (Fig. 2). If one portion of organic matter was
exposed to more intense or extended periods of radiation
than another, then this might produce slight variations in
the d13C of their moieties. Di†erent radiation histories may
explain why the apexes of the synthesis and cracking fea-
tures for Cold Bokkeveld and Murchison occur at di†erent
carbon numbers in Figure 1. Assessing the scale on which
this heterogeneity is signiÐcant will require future intra- and
intermeteorite studies.
The juxtaposition of aromatic entities created by both
synthesis and cracking suggests that, once produced, these
FIG. 2.ÈSchematic of how radiation-induced circle reactions involve
the simultaneous synthesis and cracking of molecules to achieve an inter-
mediate level of organic complexity. This process may be responsible for
the d13C vs. carbon number trends in the aromatic hydrocarbons in car-
bonaceous chondrites. LMW: low molecular weight ; HMW: high molecu-
lar weight.
compounds were trapped and stored in some way. This
observation can be explained if these reactions proceeded in
the icy mantles surrounding interstellar grains. At the low
temperatures of interstellar space, simple molecules accrete
to form icy mantles around interstellar grains, where they
are processed by UV and other forms of radiation
(Greenberg 1984). The simple molecules are transformed
into radical or reactive molecular fragments that can
recombine to form larger molecules. Extensive periods of
irradiation result in a complex involatile residue comprising
aromatic entities and increasing deuterium enrichments
(Sandford 1996).
(Poly)aromatic hydrocarbons are the most stable con-
Ðguration for hydrocarbons because they allow n electrons
to be delocalized over the entire molecule. This ability to
absorb energy would be essential for the survival of the
organic matter (Henning & Salama 1998). Interstellar
grains are thought to transition between sheltered dense
clouds and the harsh di†use interstellar medium many
times before their ultimate incorporation into a stellar
system (Greenberg 1984). It is conceivable that aromatic
molecules would become selectively enhanced on grain sur-
faces as other molecules are destroyed by severe radiation
Ðelds present in the di†use interstellar medium. In this
respect, it is interesting to note that the infrared emission
features of aromatic hydrocarbons have been detected in
the di†use interstellar medium (Onaka et al. 1996), and aro-
matic hydrocarbons are considered to be the best candi-
dates for the carriers of the di†use interstellar bands (e.g.,
Salama et al. 1996).
In contrast to the better deÐned trends in Cold Bokke-
veld and Murchison, the data points for aromatic entities
from Orgueil exhibit more scatter. One possible explana-
tion for this observation is that the structural and isotopic
integrity of the aromatic units has been perturbed during
secondary processing on the meteorite parent body. Orgueil
has experienced more aqueous activity than Cold Bokke-
veld and Murchison (Zolensky & McSween 1988), and the
extent of such alteration is believed to have signiÐcant
e†ects on the nature of the aromatic organic matter (Wing
& Bada 1991 ; Sephton et al. 1998, 1999, 2000a).
Therefore, aromatic entities in Cold Bokkeveld and Mur-
chison appear to have isotopic features suggesting an origin
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by radiation-induced circle reactions in the icy mantles of
interstellar grains. As the interstellar cloud collapsed to
form the solar system, such interstellar grains and their
associated aromatic organic matter would have undergone
aggregation. These aggregates would have formed chon-
dritic matter in the early solar system, and aliquots of this
material would have been preserved in the asteroids. Once
on the meteorite parent body, extensive aqueous alteration,
such as that experienced by Orgueil, may have partly
obscured the isotopic features produced by the circle reac-
tions. These novel interpretations are in harmony with the
so-called interstellarÈparent body hypothesis (Cronin &
Chang 1993) in which meteoritic organic matter is produced
by the aqueous transformation of interstellar precursors ini-
tiated by the internal heating of a volatile-rich parent body.
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